Rhizoctonia is a major pathogen of potato causing substantial yield losses worldwide. Control of Rhizoctonia diseases is based predominantly on the application of fungicides. However, little is known about the fungicide response variability of different Rhizoctonia anastomosis groups associated with potato diseases in South Africa. A total of 131 Rhizoctonia isolates were obtained from potato growing regions of South Africa from 2012 to 2014 and evaluated for sensitivity to fungicides in vitro and in vivo. The fungicides comprised six chemical formulations and one bio-fungicide representing seven Fungicide Resistance Action Committee groups. All Rhizoctonia anastomosis groups were sensitive to tolclofos-methyl (EC 50 : 0.001-0.098 µg a.i ml -1 ) and fludioxonil (EC 50 : 0.06-0.09 µg a.i ml -1 ) and showed variation in sensitivity to pencycuron, iprodione, benomyl and Bacillus subtilis QST 713.
registered for control of stem canker and black scurf; tolclofos-methyl for in-furrow and seed treatment applications, pencycuron registered for seed tuber treatment and fludioxonil registered for stem canker and black scurf treatment (Nel et al. 2003) .
The application of fungicides for control of disease epidemics is however, not considered a long-term solution because of their potential harmful effects on the environment (Avenot et al. 2009 ). It is also increasingly common to find isolates that are less sensitive or resistant to fungicides, as has been reported for R. solani AG 1-IA in rice fields, in Louisiana (Olaya et al. 2013) and Henan Province, China (Chen et al. 2012 ). In addition, Rhizoctonia AGs have been reported to show variable sensitivity to fungicides in both in vitro and in vivo experiments in Virginia and Maryland (Amaradasa et al. 2014) , France (Campion et al. 2003) ; North Carolina (Martin et al. 1984) and Mexico (Virgen-Calleros et al. 2000) . Campion et al. (2003) reported moderate sensitivity of AG 5 as well as variable sensitivity of AG 2-1 isolates to pencycuron. Pencycuron was found to be effective against AG 3 and AG 2-1, whereas it had little effect on AG 5 and AG 8 (Kataria and Gisi 1999) .
The response profiles of Rhizoctonia AGs to fungicides used by potato growers in South Africa have not yet been explored. The Fungicide Resistance Action Committee (FRAC 2015) reported high risk of insensitivity of pathogens to fungicides with a single mode of action with repeated use. Continued monitoring of fungicide sensitivity will provide an early warning if the population becomes insensitive to a fungicide.
Therefore, this study sought to evaluate the response profiles of Rhizoctonia AG populations to different classes of fungicides and a biocontrol agent currently registered and used by potato growers in South Africa to control Rhizoctonia diseases. The information obtained from this study will be useful in establishing sensitivity baselines of Rhizoctonia isolates from potatoes to different fungicides. Established sensitivity baselines of these fungicides will help monitor and track fungicide sensitivity shifts in the field and to make effective fungicide recommendations for management of Rhizoctonia on potato.
Materials and Methods
Origin of Rhizoctonia isolates. Rhizoctonia AGs used in this study were from previously collected isolates that were obtained from potatoes sampled from different potato growing regions in South Africa from 2012 to 2014 (Muzhinji et al. 2015 . The AG identity of the 131 isolates was verified using the internal transcribed spacer (ITS) sequencing.
Rhizoctonia isolates consisted of 112 R. solani (97 AG 3-PT, 8 AG 2-2IIB, 1 AG 5, 3 AG 4HG-I, and 3 AG 4HG-III) and 19 binucleate Rhizoctonia (16 AG A and 3 AG R). Each isolate was stored on barley grains at -20°C before it was grown on potato dextrose agar (PDA) for use in this study.
Fungicides used in the study. Six chemical fungicides (tolclofos-methyl, pencycuron, iprodione, azoxystrobin, benomyl and fludioxinonil) and a biofungicide (Bacillus subtillis QST 713) were evaluated for efficacy against R. solani and BNR AGs in vitro and in vivo. The fungicides were selected based on their current use in South Africa and were obtained from local agro-chemical suppliers ( Table 1) . The fungicide's effective concentration that reduces 50% of the mycelial growth (EC 50 values) was determined in vitro using the poison-agar method with plates amended with different concentrations of fungicide (Everett et al. 2005) . The six chemical fungicides and biofungicide were also evaluated for efficacy in vivo, under controlled greenhouse conditions and field experiments. The fungicides were prepared by diluting the stock solution (100 mg a.i ml -1 ) in water and stored in the dark at 4 o C for no longer than 2 weeks before being used for the experiment. Iprodione (Prodione, Plaaskem) and azoxystrobin (Amistar, Syngenta) were dissolved in methanol to Sigma-Aldrich, St. Louis, MO) was added to media to a final concentration of 100 mg ml -1 to block the use of an alternative pathway for cellular respiration (Amiri et al. 2010) . Control plates for azoxystrobin were amended with methanol and SHAM.
In vitro assessment of fungicide sensitivity. The sensitivity of 131 Rhizoctonia isolates to six chemical commercial fungicides and one biofungicide was evaluated in mycelial growth assays. The fungicides were added at different concentrations (microgram of active ingredient per milliliter: µg a.i ml -1 ) to autoclaved PDA medium to produce a concentration series of 0, 0.01, 0.1, 1, 10 and 100 µg a.i ml -1 for each fungicide. The fungicide working concentrations were selected based on previous published studies and recommended application rates (Amaradasa et al. 2014; Olaya et al. 1994) . For, Bacillus subtilis QST 713 (Serenade, Bayer; 1 x 10 9 colony forming units (cfu) ml -1 ) in vitro evaluations were carried out by diluting formulated Serenade with sterile water to give concentrations of 1 x 10 2 , 1 x 10 4 , 1 x 10 6 , 1 x 10 8 cfu ml -1 of B. subtilis QST 713. Mycelial plug (5 mm) of each Rhizoctonia isolate was punched from the margin of an actively growing colony of a 5-day old culture with a sterile cork-borer and placed mycelia-side down at the center of a 90 mm PDA plate amended with chemical fungicide or biofungicide and also on non-amended PDA plates. Plates were incubated at 25 °C for 5 days. Each concentration was replicated three times. After 6 days of incubation, the diameter of the fungal colony of each plate was measured at perpendicular angles and the average of the two measurements minus the original mycelia plug diameter (5 mm) was used for data analysis.
The experiment was repeated once.
Percent inhibition was determined using the formula: % inhibition = [(mean nonamended PDA -mean fungicide amended PDA) / mean non-amended PDA] x 100. For each isolate, the effective fungicide concentration that inhibited 50% of mycelial growth (EC 50 ) was calculated by linear regression of the probit of the percent of inhibition of mycelial growth versus the log10 transformation of the four concentrations of fungicide using the XLSTAT® (Addinsoft, www.xlstat.com). Probit analysis transforms the sigmoid doseresponse curve to a straight line that can be analyzed by regression through maximum likelihood or least squares (Postelnicu 2014). Frequency distributions of EC 50 values were established for each fungicide using GraphPad Prism ver. 6.01 (Liang et al. 2015) . For all assays, isolates were considered sensitive if the EC 50 values were less than 0.1 µg a.i ml -1 , isolates with EC 50 values ranging between 0.1 -1 µg a.i ml -1 were considered intermediately sensitive, and isolates were considered less sensitive if the EC 50 values exceeded > 5 µg a.i ml -1 (Martin et al. 1984) .
Greenhouse experiment.
A study was conducted to compare the efficacy of fungicides against Rhizoctonia isolates on potato plants. Maize meal-sand mixtures (3:1) each colonized by a different isolate, viz. Rh68 (AG 3-PT); Rh96 (AG 4HG-I); Rh83 (AG 4HG-III); Rh30 (AG 5); Rh97 (AG 2-2IIIB); Rh26 (AG A) and Rh113 (AG R), were used as inoculum source (Table S1 ). Fifty grams of fully colonized maize meal-sand inoculum were mixed with 2 kg soil in 2 l pots, 2 days before planting. Soil in 2 l greenhouse pots was drenched with fungicide of desired concentration according to the manufacturer's in-furrow recommendation rates (Table 1) . A single seed tuber, cultivar (cv.) Mondial, was planted in each pot. Plants were planted on 14 April 2015. Pots drenched with sterile water served as control. There were four replications for each treatment and 10 plants in each replication.
After inoculation, the plants were grown in the greenhouse at 22 ± 2 o C with a 12-hr photoperiod. Pots were watered every two days with 200 mls of sterile water. The experiment was laid out in a randomised complete block design. The experiment was repeated once.
Field experiment: In-furrow application. Field experiments were conducted at the University of Pretoria Experimental Farm in 2014. The plots were first fumigated with formalin solution three weeks before the experiment to eliminate soil-borne pathogens including Rhizoctonia. Representative isolates from each AG group that showed intermediate sensitivity to each fungicide were selected and used in this experiment. Briefly, soil inoculum was prepared by growing representative AG isolates on PDA. Rhizoctonia cultures were blended with water into slurry, mixed with vermiculite to create soil inoculum and incubated for 21 days at 25 o C. Soil was inoculated by applying colonized vermiculite by hand infurrows 2 h before planting. Fungicides were applied in-furrow at planting following the application rates recommended by the manufacturer (Table 1) as seed treatments following manufacturer's recommended rates before planting (Table 1) .
Sowing and management of the plots were as previously described for in-furrow treatment.
Control tubers were not treated with fungicide. The seed tubers were planted by hand in a randomized complete block design with four replications. The trial was repeated once.
Disease assessment and statistical evaluation. For all the field experiments, potato plant samples were taken from the two centre rows 45 days after planting, during flowering stage, for stem canker scoring. For the greenhouse experiment, six plants from each replication were destructively sampled 47 days after planting for stem canker assessment.
Plants were visually rated using an assessment key described by Woodhall et al. (2008) .
Disease index was calculated by the formula adapted from Lootsma and Scholte (1996) ,
where n x = number of stems in the x rating class and N total = total number of stems assessed in each category. After 120 days, the remaining plants were removed and assessed for black scurf symptoms on progeny tubers using the following scale: 0 = no sclerotia present; 1 = less than 1 % of the tuber surface area covered in sclerotia; 2 = 1 to 10 % of the tuber surface area 
Results
In vitro assessment of fungicide sensitivity. All AGs were able to grow on fungicide-amended PDA but with varying degrees of inhibition ( Fig.1a -1g ). Rhizoctonia AGs tested were found to be sensitive to tolclofos-methyl with EC 50 values less than 0.1 µg a.i ml -1 . Most isolates had mean EC 50 values ranging from 0.001 to 0.002 µg a.i ml -1 (Fig. 1a) .
Similar results were obtained for isolates evaluated against fludioxonil (Celest; Syngenta) with EC 50 values of less than 0.099 µg a.i ml -1 (Fig. 1b) . For azoxystrobin, AG 4HG-I, AG 4HG-III and AG 5 were the most sensitive with EC 50 values ranging from 0.07 to 0.89 µg a.i ml -1 . Intermediate sensitivity was observed for AG A and AG 2-2IIIB. However, the highest EC 50 value of 8.18 µg a.i ml -1 was obtained for an isolate of AG 3-PT (Fig. 1c ). With iprodione, AG 4HG-III and AG 5 were most sensitive with mean EC 50 values of 0.015 and 0.021 µg a.i ml -1 , respectively. BNR AGs A and R had the highest average EC 50 values of 4.4 and 5.8 µg a.i ml -1 , respectively (Fig. 1d ).
For pencycuron, anastomosis groups AG 3-PT and AG 4HG-I isolates exhibited sensitivity whereas AG 5, AG 4HG-I and AG 4HG-III isolates were less sensitive (Fig. 1e ).
With benomyl (Benomil; Dow AgroSciences), AG 2-2IIIB isolates were the most sensitive with a mean EC 50 value of 0.02 µg a.i ml -1 , while AG A and AG 3-PT isolates were the least sensitive with a mean EC 50 value of 0.4 and 0.72 µg a.i ml -1 , respectively (Fig. 1f ). All the R.
solani and BNR AGs were sensitivity to the biofungicide B. subtilis QST 713. Among them, 65% had EC 50 values of less than 0.1 µg a.i.ml -1 , whereas 30% had EC 50 values of between 0.1 and 1 µg a.i ml -1 (Fig. 1g) .
Greenhouse experiment. The fungicide applications significantly reduced the disease indices of stem canker and black scurf under controlled conditions in the greenhouse.
There were highly significant differences (P ≤ 0.05) in stem canker and black scurf disease indices among the fungicide treatments compared with the control (Table 2) QST 713 (20%) were not significantly different at P ≤ 0.05 but were significantly different from the control (54%), suggesting efficacy against Rhizoctonia in the field (Table 3) .
Seed tuber treatment.
Tolclofos-methyl and fludioxonil were effective in reducing the incidence and severity of stem canker and black scurf disease on potato when used to treat Rhizoctonia infected seed tubers (Table 4 ). Pencycuron and benomyl were also more effective in reducing the severity of black scurf and stem canker than iprodione and B. subtilis QST 713. Azoxystrobin was the least effective in reducing black scurf and stem canker (Table 4 ). Tolclofos-methyl and fludioxonil showed more effectiveness in reducing stem canker and black scurf to all AGs compared to other fungicides tested. Iprodione and pencycuron were most effective in controlling AG 4HG-I and AG 2-2IIIB, respectively. B. subtilis QST 713 showed the highest efficacy against AG 2-2IIIB and AG 4HG-I, while benomyl showed efficacy against AG 4HG-I. For AG A no stem canker or black scurf symptoms were observed in any of the treatments including the control.
Discussion
The application of fungicides is the most common strategy for controlling Rhizoctonia on potato. In the present study, six chemical fungicides with diverse modes of action, and one biofungicide were evaluated for their efficacy to control various Rhizoctonia AGs obtained from different potato growing regions in South Africa.
In vitro sensitivity of the fungicides to Rhizoctonia AGs showed that some AGs were highly sensitive whereas others were less sensitive to certain fungicides based on the classification given by Martin et al. (1984) (Fig. 1a-1b) . This corroborates well with previous studies, which showed the existence of differential sensitivity of AGs to fungicides (Campion et al. 2003; Kataria et al.1991) .
Generally, tolclofos-methyl and fludioxonil were the most effective fungicides against all the R. solani and BNR AGs in in-vitro, greenhouse and field experiments. This is in agreement with other studies that showed the efficacy of tolclofos-methyl and fludioxonil against a wide range of Rhizoctonia AGs from different crops (Kataria et al. 1991; Olaya et al. 1994; Virgen-Calleros et al. 2000) . Inter AG variation was noted for pencycuron with AG 3-PT being the most sensitive followed by AG 2-2IIIB and AG A. Anastomosis group 4, subgroups HG-I and HG-III exhibited an intermediate to less sensitive response to pencycuron, as did an isolate of AG 5. Other studies on sugar beet and potato found isolates of AG 4 and AG 5 to be insensitive to pencycuron (Campion et al. 2003; Olaya et al. 1994) . Ueyama et al. (1993) reported that isolates of AG 4 are able to metabolize pencycuron and are therefore less sensitive, whereas isolates of AG 3 cannot metabolize this fungicide and are sensitive.
Iprodione, benomyl and B. subtilis QST 713, a biofungicide, were also effective at inhibiting mycelial growth of all R solani and BNR AGs. The data from this study is consistent with the range of EC 50 values previously reported for fungicides containing iprodione against R. solani and BNR isolated from potato in France (Campion et al. 2003); and North Carolina (Carling et al. 1990) . Rhizoctonia solani and BNR AGs showed differential sensitivity to azoxystrobin, a strobilurin-containing fungicide. The variability in sensitivity of different AGs to azoxystrobin reported in this study and in Tunisia (Djébali et al. 2014) suggested that there may be potential for fungicide-insensitive field isolates of R.
solani to emerge through continued use of the same fungicide, leading to fitness penalty (Ma and Michailides 2005) . Repeated application of fungicides has been reported to increase the selection pressure for fungicide insensitivity (Ma and Michailedes 2005) . In Tunisia, Djébali et al. (2014) found resistance of R. solani isolates to azoxystrobin with EC 50 values exceeding 30 µg a.i ml -1 . This fungicide probably should be used with caution for controlling Rhizoctonia on potato in South Africa.
All six tested fungicides and the biofungicide treatment were effective in controlling Rhizoctonia diseases on potato in vivo. The results of the field experiments showed that the application of pencycuron, tolclofos-methyl and fludioxonil on seed potato tubers and infurrow had a superior effect compared to other fungicides in reducing stem canker and black scurf disease indices when used at recommended application rates. The results corroborate with previous studies that showed the efficacy of fungicides against Rhizoctonia in a variety of crops (Kataria and Verma 1989; Sundravadana et al. 2007 ). In America, Hide and Read (1991) showed that treating seed tubers with tolclofos-methyl decreased the severity of black scurf. Recently, Ozer and Bayraktar (2015) showed that fludioxonil provided excellent control of AG 5, AG 2-1 and AG K in field experiments.
The performance of B. subtilis QST 713 in a field experiment against all AGs was comparable to that of iprodione and benomyl, suggesting that it has great potential as an alternative to chemical control of Rhizoctonia AGs on potato. Ozer and Bayraktar (2015) reported that B. subtilis QST 713 control of stem canker and black scurf disease was comparable to that of pencycuron under greenhouse conditions in Turkey.
Results from fungicide sensitivity studies are of great interest to plant pathologists, extension agents, and the industry sector. Identification of insensitive isolates in some of the AGs in this study is a cause for concern, given that Rhizoctonia has been reported to possess a mixed reproductive mode of recombination that includes clonality and recombination (Muzhinji et al. 2016) . It is therefore, of paramount importance to institute monitoring programs to understand the population dynamics of Rhizoctonia populations exposed to fungicides to ensure continued effectiveness of fungicide control programs. 
